A holistic investigation considering the sugarcane bagasse characterization, fast pyrolysis and upgrading of biooil applying two nickel-based catalysts is presented. The bio-oil composition is correlated to the bagasse building blocks, and the hydrotreatment reaction pathways are identified. Despite the high ash content of 6.75 wt%, 60.1 wt% of bio-oil was obtained by fast pyrolysis, attributed to low concentration of potassium (0.08 wt%) and low humidity (2.80 wt%) observed in the bagasse. Upgraded bio-oil with 60.3% less water and 43.3% less oxygen were obtained with Ni/SiO 2 , resulting in an HHV 63% higher compared to bagasse. Ni-Cr/SiO 2 showed the highest hydrogenation activity and the highest conversion of acids, converting 25.7% of acetic acid and 14.95% of propionic acid while Ni/SiO 2 was more active for conversion of compounds containing aromatic groups. The higher viscosity of upgraded oils in comparison to the fast pyrolysis bio-oil indicates that the stabilization during the heating ramp can be improved to suppress polymerization. Hence, sugarcane bagasse is an attractive feedstock with an overall final yield of 30.5 wt% of the upgraded product.
. Some studies performed with sugarcane bagasse do exist for the case of slow pyrolysis [17, 19, 20] , but there is little information on fast pyrolysis of SCB [8] .
Although the use of different types of biomass results in FPBO with different compositions [9, 17, 21] , in general, the FPBO show similarities. FPBO has approximately half of the heating value of crude oil, shows high acidity (pH value below 3), high water concentration (15-35 wt%) , polymerization due to secondary reactions which results in aging phenomena, and high oxygen content (35-50 wt%) , which limits its direct application as boiler fuel [9, 11, 22] . Consequently, if application as a transportation fuel or even some chemicals in the context of a bio-based refinery is targeted, upgrading is required.
Different strategies are used for FPBO upgrading and conditioning: solvent addition for viscosity reduction, emulsification or extraction with diesel fuel, esterification, hydrotreatment and others [9] . The hydrotreatment is performed at high pressures of hydrogen, and applying catalysts aiming at stabilization and hydrodeoxygenation of the FPBO [11, 23] . In this way, the FPBO can be practically completely deoxygenated to hydrocarbons and/or partially deoxygenated to a range of fuel intermediates or profitable chemicals [11, 12, 24] . Hence, the catalyst plays an important role in the hydrotreatment reactions. For that reason, the choice and development of catalyst for FPBO hydrotreatment has been a subject of many investigations. Particularly nickel-based catalysts showed to be active for conversion of model compounds [25] [26] [27] [28] and fast pyrolysis bio-oil of different feedstocks [29, 30] . Additionally to the low cost, high degree of deoxygenation, possibility of inclusion of promoters in the catalyst formulation whether for different selectivity [31] or higher resistance to poisoning substances and deactivation [32] have been previously reported as advantages of nickel-based catalysts.
Although some groups have already considered the pyrolysis of sugarcane bagasse, only very few have worked on the hydrotreatment of the liquid product fraction [33] and up to now not considered the whole process chain from SCB. However, this represents an essential step in order to evaluate the viability of the 2G thermochemical conversion integration to the 1G ethanol unit depicted in Fig. 1 . The use of SCB is especially advantageous in comparison to other biomasses or sugarcane leaves, as it is already centrally collected in the sugar mill. Sugarcane leaves are usually left in the field, requiring an efficient and cheap collection system [6, 34] . Hence, the centralized sugarcane conversion unit would be beneficial from an economic point of view, allowing bigger scale units, without the need to transport the feedstock or an intermediate product, as usually suggested for biomass derived biooils production [21] . Additionally, the high concentration of lignin (17-32 wt%) [34, 35] , considered a limitation for carbohydrate hydrolysis [34] makes the sugarcane bagasse especially interesting for thermochemical valorisation [36] , as not just hydrocarbons but also functionalized aromatics monomers are interesting target products [24] . This approach is especially relevant for countries such as Brazil, with record production of sugarcane ethanol in 2019 and perspective of increased production until 2030 [37] . The high volumes of agriculture residues generated, can undergo thermochemical conversion followed by hydrotreatment, resulting in products with potential to be blended to aviation kerosene, in the concentration of 10%, as defined by the Brazilian national biofuel policy (RenovaBio) for 2030 [38] . Furthermore, a new range of functionalized chemicals, i.e. functionalized aromatic compounds can be produced, expanding the range of chemicals obtained in the sugarcane refinery.
The aim of this study is to present for the first time a comprehensive investigation, from the bagasse characterization, followed by fast pyrolysis and hydrotreatment to the final upgraded products. The experimental work is conducted in the same laboratory and analytical methods are aligned so that maximum consistency is achieved. Specific focus is set on conversion of SCB by fast pyrolysis to maximize organic liquid yield, subsequent hydrotreatment of the produced FPBO, correlation between the sugarcane bagasse building blocks and the main compounds observed in the bio-oil. Additionally, the main chemical reactions taking place during the hydrotreatment are identified and discussed. This approach allows identification of feedstock specific characteristics, advantages, and disadvantages of the whole process chain.
Material and methods

Sugarcane bagasse collection, preparation and characterization
The sugarcane bagasse was collected at Iracema biorefinery, located in Iracemápolis, São Paulo, Brazil, in June 2016. The SCB was pre-dried C.C. Schmitt, et al. Fuel Processing Technology 197 (2020) 106199 at 105°C overnight (FABBE oven) to a moisture content of 46.2%. This procedure was performed at IPT (Institute for Technological Research, São Paulo, Brazil). In the sequence, the samples were shipped to Germany in plastic bags. The SCB was further dried in Germany for 3 days at room temperature (moisture content below 10 wt%), chopped (Viking GE260) and milled to ≤2 mm with a cross-beater mill SK100. Approximately one third of the sample was further milled to fine powder using a cryogenic mill (Freezer/Mill® Cryogenic grinder 6875), in order to be characterized in terms of moisture and ash content, elemental analysis, volatile matter, higher heating value and major elements. Pictures of dry and milled SCB are depicted in the Supplementary Material ( The moisture and ash content were determined using a thermogravimetric analyzer (TGA 701, LECO). For moisture determination, the sample was maintained at constant temperature of 105°C in air until constant weight (mass loss is then attributed to the sample's moisture content). The ash content was obtained under the following conditions: the sample was heated from ambient to 250°C at a heating rate of 4.5°C/min and maintained at this temperature for 30 min. In the sequence, the SCB was heated to 550°C ± 10°C at a heating rate of 10°C/min and maintained at this temperature for 120 min. The residue is then considered as the ash content.
The volatile matter content was obtained placing 1 g of sample for seven min in a furnace (Nabertherm model LV9/11) at 900°C ± 10°C. The volatile matter is the difference between the sample's weight before and after the thermo treatment.
The higher heating value (HHV) was determined using the calorimeter IKA C 5000 at 25°C and at constant volume. Carbon, hydrogen and nitrogen content were determined using a CHN 628 Leco. Sulfur content was obtained by Eltra CS-2000 elemental analyzer. The concentration of oxygen was calculated by difference, as follow:
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The fixed carbon content (FC) was obtained by the difference considering the moisture, ash and volatile matter content.
where M is the moisture content, A is the ash content and VM is the volatile matter content in weight percent. Major inorganic elements (Al, Ca, Fe, Mg, P, K, Si, Na and Ti) present in the SCB were quantified by ICP-OES (Agilent 725, Inductively Coupled Plasma Emission Spectrometer). The samples were prepared by microwave digestion (Anton Paar, Multiwave 3000) by mixing approximately 0.5 g of dry bagasse with 6 ml of HNO 3 (65 vol%, Merck Millipore), 2 ml HCl (37 vol%, Merck Millipore), 1 ml HF (40 vol%, Merck Millipore) and 0.5 ml of H 2 O 2 (35 vol%, Merck Millipore). The digestion is performed at 240°C for 1 h.
Additionally, the SCB was characterized by Py-GC/FID (pyrolysis gas chromatography/flame ionization detector) and by Py-GC/MS (pyrolysis gas chromatography/mass spectrometer) at Instituto Superior de Agronomia (ISA), University of Lisbon, Portugal. For the Py-GC/FID measurements, approximately 76 mg of sample was pyrolyzed by a CDS Pyroprobe 1000 (650°C, 10 s), coupled to a gas chromatograph (Agilent 7820) by a heated interface at 270°C. The compounds were injected at 270°C (split 1:20), separated in a low/mid-polarity column (J&W Scientific DB-1701, 60 m × 0.25 mm × 0.25 μm), and detected by a FID detector at 270°C. The oven was programmed starting at 45°C for 4 min, heated to 270°C at a heating rate of 4°C/min and kept at this temperature for 6 min. The area of each peak was used for quantification of compounds [39] . The qualification of the pyrolysis products was performed by a HP 6890 connected to an Agilent 5973 MS detector (sample pyrolysed by a CDS Pyroprobe 100 as described previously). The compounds were identified by comparison with literature and the NIST library. More information regarding the methodology can be found elsewhere [40] .
Fast pyrolysis
The SCB conversion was performed at the Python process development unit located at the Institute of Catalysis Research and Technology, Karlsruhe, Germany. More details regarding the fast pyrolysis unit (feedstock conversion capacity of 10 kg/h of biomass) as well as the method description can be found elsewhere [41] . The dry biomass was used as obtained from < 2 mm screening after milling in a cross beater mill. In the pyrolysis unit, the feedstock was mixed with preheated heat carrier (1 mm steel beads) in a twin-screw mixer reactor. The mechanical mixing is designed to ensure the high heating rate required for fast pyrolysis at around 500°C [42, 43] . After pyrolysis, solids are recovered from gas cyclones at reactor temperature before the gas phase is recovered from two condensers. The first condenser is designed as a quench system to instantly cool down the gas phase from reactor temperature to around 90°C. In this stage an organic-rich condensate is collected, further cooled down and recirculated to act as quenching medium for the incoming hot pyrolysis vapor. The second condenser is operated at ambient temperature at around 20°C to obtain the water rich aqueous condensate. The condensate is also recirculated to the condenser after cooling to form a film inside its tube bundle, i.e. there is direct contact of incoming pyrolysis gas and recirculated condensate. The remaining non-condensable gas is vented after analysis by a GC/ FID (Emerson, Daniel Modell 700).
The FPBO samples collected for subsequent hydrotreatment have been obtained from a modified condensation system which was
Solids removal
(two cyclones in series) C.C. Schmitt, et al. Fuel Processing Technology 197 (2020) 106199 operated parallel to the main pyrolysis product flows (see Fig. 2 ). The reason for this procedure is the fact that both condensation loops require a start-up material to initiate condensation (ethylene glycol and water for first and second condenser, respectively). This start-up material is not being displaced during one experimental day and thus represents a significant fraction of the obtained FPBO. The results of hydrotreatment would inevitably be obscured by the start-up material. Instead, hot pyrolysis gas is extracted between the cyclones and the first condensers at reactor temperature and condensed by indirect cooling. In this sampling train, hot gases initially pass a ceramic filter (operated at 400°C) to remove remaining particles. Most of the sensible heat is removed in a jacketed tube operated with cooling water. The gases leave this condenser at around 100-150°C despite the low cooling temperature. This first condensation step is followed by an electrostatic precipitator where aerosols are removed and the gas further cools down to the desired temperature (around 90°C in analogy to the first condensation stage in the main system). Condensate of the first two condensation steps is merged in one collection vessel and represents the organic condensate. The aqueous condensate is obtained subsequently in a condenser with a cooling coil (operated at 4°C) so that the outlet gas leaves slightly below 20°C. Remaining gases are merged after the final condensation step and vented after analysis. For subsequent hydrotreatment, only the organic condensate (Fig. S.1 c), obtained at 90°C from the sampling train is used and further denoted as sugarcane bagasse fast pyrolysis bio-oil (SCBPO).
Condensation
Hydrotreatment reactions, conditions and analysis
In order to upgrade the SCBPO, batch reactor experiments using different catalysts were performed. The hydrotreatment was performed using a self-designed and built 200 ml autoclave. The catalysts as well as the upgrading condition (325°C and 90 bar of H 2 ) were selected as reference case used in our previous investigations [29, 44] . Two Nibased catalysts, one commercially available and the other prepared by wet impregnation technique at IKFT, were used for the upgrading reactions. The commercially available catalyst is composed of 30 wt% of Ni, 26 wt% of NiO, 1.5 wt% graphite and 15 wt% of Cr 2 O 3 , supported on diatomaceous earth (mainly composed by SiO 2 ) with a specific surface area of 94 m 2 /g. The commercially available catalyst is denoted as Ni-Cr/SiO 2 in the following. The second catalyst, denoted Ni/SiO 2 (7.9 wt% Ni, specific surface area of 215 m 2 /g), was prepared by wet impregnation in a rotary evaporator (Hei-VAP Advantage ML/G3). More details are given in the Supplementary Material (S.k).
Approximately 50 g of SCBPO was mixed with 2.5 g of catalyst in the autoclave. The mixture was purged with nitrogen for 5 min and then pressurized with H 2 (Air Liquide ALPHAGAZ 2, 6.0) at ambient temperature to 90 bar. The reactor was heated at 5°C/min until 325°C and constantly mixed along the reaction (gas injector stirrer at 1000 rpm). The overall reaction time was around 120 min, including the heating ramp. Due to the limited amount of SCBPO, a single hydrotreatment reaction was performed for each condition tested. Once the reaction was finished, the reactor was cooled down with a flow of compressed air to approximately 50°C and further cooled down to ambient temperature (approximately 25°C) using an ice/water bath. A gas sample was collected for quantification of the main gaseous products and hydrogen by gas chromatography (GC-TCD/FID Agilent 789A, columns Restek 57,096 and Resteck Molsieve 5A). More information is given in the Supplementary Material (c). In addition, the H 2 consumption was calculated using the ideal gas equation, the hydrogen concentration given by GC-TCD/FID as well as the reactor's pressure registered before and after reaction [45] . The remaining liquid and solid fractions were collected, centrifuged (7000 rpm, 40 min, Thermo Fisher Heraeus Biofuge Stratos) and separated. The reactions conducted with Ni/SiO 2 resulted in two upgraded liquid phases, a upgraded light phase (ULP) and heavier oil, denominated upgraded oil phase (UOP 
In order to further understand the chemical composition of the upgraded liquids in comparison to the SCBPO, a qualitative investigation was performed by GC/MS HP G1800A. The samples were prepared by dilution in methanol (1:20 or 1:10), filtrated (0.25 μm polytetrafluoroetylene filter) and 1 μl was injected at 250°C (injector temperature) with split of 1:20. The oven was programmed to start at 40°C maintained for 5 min, heated at a rate of 8°C/min to 250°C and maintained at this temperature for 10 min. The separation of the compounds was performed by a Restek stabilwax column (30 m × 0.25 mm × 0.25 μm).
A quantitative analysis of the main compounds in the SCBPO as well as in the upgraded products was performed by GC-MS/FID. The measurement was conducted at Thünen Institute in Hamburg, Germany. A volume of 1 μl of sample containing fluoranthene as internal standard was measured in a HP 6890. The sample is injected splitless at 250°C (injector temperature), in a 14% cyanopropyl-phenyl-methylpolysiloxane column (60 m × 0.25 mm × 0.25 μm). The oven temperature started at 45°C maintained for 4 min, heated to 280°C at 4°C/min and maintained at this temperature for 20 min. The GC was equipped with two parallel detectors: a FID and a MS detector (HP 5972). The qualitative analysis was performed comparing the compounds spectra with a NIST and a home-made library. Further information about the methodology can be found elsewhere [47] .
Additionally measurements of viscosity, molecular weights, number average (Mn) and weight average (Mw) and polydispersity (Mw/Mn), obtained by Size Exclusion Chromatography (SEC) were performed. The dynamic viscosity measurements were conducted at Institute for Mechanical Process Engineering and Mechanics at KIT, using an Anton Paar rheometer at 40°C. The SEC was performed at DWI Leibniz Institute for Interactive Materials in Aachen, Germany. The measurement was conducted using an HPLC pump (1260 Infinity II, Agilent), an UV-detector (UV-2075plus, Jasco), a refractive index detector (1290 Infinity II, Agilent) and a multi angle light scattering (MALS) (SLD 7100, Polymer Standards Service). Further information is available in the Supplementary Material (S.j).
The solid samples (composed by spent catalyst and solid residue), were separated from the liquid fractions by centrifugation. The residual solid in the autoclave was washed with acetone, collected and mixed with the solid from centrifugation. The samples (solid from autoclave + centrifugation), were then vacuum filtrated and washed several times with acetone, until all remaining UOP was completely removed. The spent catalyst was analyzed in terms of elemental composition, using the same methodology described for the liquid samples. Sulfur, nickel and chromium concentration were determined by ICP-OES sample preparation using a mixture of 2 ml of HNO 3 (37%, Merck Millipore), 6 ml of HCl (37%, Merck Millipore) and 0.5 ml of H 2 O 2 (35%, Merck Millipore), followed by digestion in a Anton Paar, Multiwave 3000 microwave oven for 45 min at 240°C) and crystalline structure analysis by powder X-ray diffraction (spectrometer X'Pert PRO MPD PANalytical instrument, cooper anode Cu Kα 1.54060 Å). The measurements were recorded in a 2 theta range of 5°to 120°for 1 h (step size 0.017°). The Scherrer equation was used for determination of the crystallite size (shape factor K = 0.9) after line broadening. Additionally, the fresh Ni-Cr/SiO 2 catalyst was analyzed by temperature programmed reduction using an Autochem HP 2950 C.C. Schmitt, et al. Fuel Processing Technology 197 (2020) 
(Micrometrics). The sample was previously dried in-situ in Ar flow of 30 mL/min for 3 h at a constant temperature between 200°C. For the measurements, a flow of 30 ml/min of 5% H 2 in Ar was applied and a heating rate of 1 K/min until 400°C. A mass spectrometer (MKS Cirrus 2) was used for recording TPR profiles. The H 2 -TPR of Ni/SiO 2 can be found elsewhere [29] . The solid deposition over the catalyst was determined considering that it is mainly composed by carbon, as other compounds are considered negligible [29, 48] . The carbon content in the spent catalyst, determined by elemental analysis (micro-elemental analyzer Elementar Vario el Cube) was used for the calculation as follow:
where the m solid is the mass of coke (g) in the spent catalyst; [C spcat ] is the carbon deposited on the spent catalyst (wt%) obtained by elemental analysis and m cat is the amount of catalyst (g) loaded to the reactor.
Results and discussion
Sugarcane bagasse characterization
The analytical results including the proximate and elemental analysis, inorganic compounds and other physicochemical properties are presented in Table 1 .
The sugarcane bagasse showed low moisture content (2.80 wt%) when received for the analytics, after the drying process (see Section 2.1). The water content is one of the main parameters for biomass characterization, considering that the pyrolysis process can be affected and the efficiency reduced if the moisture content is > 10 wt% [20] . Hence, in this case the drying process was very successful. The high volatile matter observed (80.32 wt%) is an indication of the ability of the biomass to be devolatilized [49] . The SCB shows an ash content of 6.75 wt%. Compared to woody biomass, grassy biomass generally shows higher ash content, being responsible for lower liquid yields, high water and gas formation in the pyrolysis process [50] [51] [52] . Furthermore, high ash content and high fixed carbon results in high char formation [19] . The elemental analysis (Table 1) uncovers carbon, hydrogen and oxygen as main constituents, whereas sulfur and nitrogen are found to be lower in comparison to other studies. For example, Rabiu et al. [53] found sulfur and nitrogen concentrations of 0.80 wt% and 1.60 wt%, while Sukumar et al. [54] observed sulfur and nitrogen concentrations of 0.19 wt% and 0.69 wt%, respectively. As presented by Islam et al. [19] the concentration of these compounds can differ significantly among sugarcane samples. Sulfur is well known as a poisoning agent for catalysts [55] during the upgrading treatment step [29, 56] . Hence, the lower concentration observed in this case can be considered an advantage, as the pyrolysis oil is expected to have lower sulfur in comparison to another residual biomasses, i.e. wheat straw [56, 57] . Regarding the inorganic compounds identified, Si is present in highest amount, followed by iron and aluminum. Potassium is observed in smaller concentration (0.08 wt%), but still requires attention due to its catalytic activity during the pyrolysis process, reducing the liquid yield [9] and increasing char formation [36] .
The characterization of SCB by Py-GC/MS and Py-GC/FID provides information about the main building blocks contributing to the lignocellulosic biomass composition [58] . A total of 71 compounds were detected ( Table 2 ). Among them, 19 compounds were linked to polysaccharides (c), 7 compounds linked to hexoses (ch), 4 compounds to pentose (cp), 3 compounds to hydroxyphenyl (h), 22 compounds to guaiacyl (g), 9 compounds linked to syringyl (s) units while 7 peaks could not be precisely assigned. The pyrogram is available in the Supplementary Material ( Table S .2). Compounds derived from hexoses and polysaccharides were obtained with the highest relative abundance (Table S. 2). Hydroxyacetaldehyde, the major compound identified (12.52%), is derived from cellulose depolymerization (ring fragmentation), in the same way as levoglucosan, obtained by transglycosylation of cellulose and one of the compounds with the highest relative abundance (6.12%) [59, 60] . Compounds such as propanal-2one (8.93%), acetic acid (8.19%) and 2-hydroxy-3-oxobutanal (4.46%) and hydroxypropanone (2.23%) derived from polysaccharides units [61] , also showed high relative abundance.
The ring scission of holocellulose (cellulose and hemicellulose) results in ketones and aldehydes, such as propanal and 2-hydroxy-3-oxobutanal [62, 63] , observed in significant quantities. Acetic acid is mainly derived from hemicellulose (elimination of acetyl group linked to xylose) [60, 64] , but can be also formed by the cracking of lignin side chain as well as be formed as a by-product of levoglucosan scission [60, 61] . Other compounds obtained from cellulose decomposition, as furans [62] were also observed among the products.
The high number of small volatile compounds observed can be a result of the pyrolysis temperature, leading to fragmentation to volatile products, mainly ketones and aldehydes [62] , as observed ( Table 2 ).
In addition, typical lignin derived compounds were identified [34, 40, 58, 62, 65, 66] (Table 2 and Fig. 5 ). Guaiacyl derived compounds, such as guaiacol, 3-methylguaiacol, 4-methylguaiacol, eugenol and 4vinylguaiacol corresponded to the majority of all lignin derived compounds, with major contribution of 4-vinylguaiacol (3.92%). Usually softwood lignin is rich is guayacyl units, as reported elsewhere [67] . The main syringyl derived compounds identified were syringol, 4-methylsyringol and 4-vinylsyringol while the hydroxyphenyl derived compounds were phenol, p-cresol and m-cresol.
The lignin content was calculated as the sum of the h + s + g peak areas divided by the sum of all peaks area. This method has been previously described elsewhere [40] and validated for woody biomass. Due to the differences in the feedstocks, the amount of lignin in the SCB sample was roughly estimated as 18 wt%, within the expected range [35] for this type of biomass. The syringyl/guaiacyl ratio of 0.49 is well in agreement with previous studies [68] .
Fast pyrolysis
The fast pyrolysis reactions resulted mainly in liquid products (60.1 wt%), followed by non-condensable gas (19 wt%) and solids (13.5 wt%) ( Table 3 ). The organic liquid yield, i.e. the liquid yield excluding water, was 48.7 wt% on a dry feedstock basis. The results indicate that SCB is a very good feedstock for FPBO production -it yields almost as much organic liquids as poplar wood in the same experimental setup [42] . This high yield is observed despite the higher ash content of SCB as compared to the previously used poplar wood.
Consequently, the results from SCB fast pyrolysis are outside the typically observed tendency that higher ash content in the feedstock lowers organic liquid yield [51, 52] . This observation can be explained with the low potassium content in the feedstock. Most inorganics are due to silicium which can be regarded inert for pyrolysis. Sulfur was below de detection limit, which is in accordance with the low concentration in the SCB previously presented in Section 3.1. The SCBPO exhibits comparably high water content given the gas temperature of around 90°C after the first condensation step. This observation is attributed to the cooling water temperature of 30°C in the first condenser of the SCBPO sampling train which potentially leads to condensate temperatures < 90°C at the tube's wall and thus increased condensation of water vapor. However, this fact has limited effects on subsequent hydrotreatment.
The SCBPO was deeply characterized in terms of chemical composition by GC-MS/FID as well as by GC/MS and later discussed (see Fig. 5 and Fig. 6 Section 3.3.3). Its composition is in line with the low amount of lignin in the feedstock as indicated by the results from the Py-GC/MS (see Table 2 ), i.e. there is a slightly higher amount of sugar derivatives and lower amount of lignin derived dimethoxyphenols as typically observed for woody feedstocks.
Hydrotreatment reactions and products characterization
Physicochemical properties and mass balance
The upgrading reactions with the Ni/SiO 2 catalyst for the SCBPO resulted in four main phases: gas phase, solid phase, upgraded light phase (ULP) and upgraded oil phase (UOP) as the main product (55.79 wt%). A photograph of both liquid upgraded fractions is available ( Fig. S.1d) . A different product composition was observed after hydrotreatment with Ni-Cr/SiO 2 . The upgrading step also resulted in gas, solid, ULP and UOP but an additional intermediate upgraded phase was observed (Table 4 ). This extra phase is denoted IUP, considering that after centrifugation (see Section 2.3) this additional phase was concentrated between the heavy (UOP) and the light phase (ULP). The IUP was visibly less viscous compared to the UOP (paste-like upgraded product). The main product obtained with Ni-Cr/SiO 2 was the ULP, corresponding to 35.56 wt%. Higher amounts of solid were also obtained with Ni-Cr/SiO 2 , almost 5 times higher compared to the amount generated with Ni/SiO 2. The losses for both catalysts were around 9.5 wt%, possibly due to the difficulty to completely recover the upgraded products from the autoclave, as previously reported [44] . For the viscosity measurements, the SCBPO, UOP Ni/SiO2 and IUP Ni-Cr/SiO2 were analyzed ( Fig. S.4 ). Due to the low sample amount and the priority given to another analytical techniques, it was not possible to analyse the UOP Ni-Cr/SiO2 . The SCBPO and the upgraded products showed a non-Newtonian behavior (shear thinning) as previously observed in other studies [69] . Additionally, an increase of viscosity after hydrotreatment was observed for both upgraded products analyzed in comparison to SCBPO, with highest viscosity observed in this case for UOP Ni/SiO2 . Although not analyzed, the UOP Ni-Cr/SiO2 had a paste-like consistency, which most probably indicates a higher viscosity when compared to the SCBPO and the highest viscosity among the upgraded products presented here. Hydrotreatment has been usually suggested as a step for polymerization elimination [70] , reducing the pyrolysis oil viscosity, as previously reported elsewhere [71] . Jahromi et al. [30] observed that the lower viscosity values were obtained with nickelbased catalysts with higher nickel loading. These finds are the opposite of our observations for SCBPO, even with the high loaded nickel catalyst (Ni-Cr/SiO 2 ). In our specific case, the behavior of SCBPO under hydrotreatment condition was different from previous observations for beech wood FPBO, which visually showed lower viscosity after upgrading [29, 44] . In the previous study, we assumed that the stabilization step of FPBO took place during the heating ramp [57, 72] . The stabilization is usually suggested in order to reduce reactivity and to avoid excessive char production and polymerization and is performed at mild temperature conditions [73, 74] . However, in the present study on SCBPO it seems that the stabilization during the heating ramp is not enough to avoid polymerization which competed with hydrotreating reactions. Differences in composition among the beech wood and SCB bio-oil may explain the difference in the products obtained from upgrading. In order to unravel whether in fact polymerization reactions occur during the upgrading, the molecular weight distribution was measured by size exclusion chromatography ( Table 4 ). The measurements were conducted with SCBPO, UOP Ni/SiO2 , IUP Ni-Cr/SiO2 and UOP Ni-Cr/SiO2 . SEC plots are available in the Supplementary Material (Fig. S.6 ).
A closer look was given to the molecular weight tail, which provides information regarding polymerization [75, 76] . The upgraded products caused higher intensity in higher molecular weight ranges when compared to the un-treated SCBPO. These observations are in agreement with the Mn and Mw from SEC given in Table 4 . Although interaction of different chemical groups present in the sample may also influence the retention times during the SEC measurement [77] , the Mn and Mw number were used as a rough indication of polymerization reactions taking place during the hydrotreatment, especially in the case of the UOP Ni-Cr/SiO2 . The SEC results are in agreement with the viscosity. Therefore, the upgraded products with higher viscosity show the higher molecular weight.
A reduction of around 60.3% of the water content was observed in the UOP applying the Ni/SiO 2 catalyst in comparison to SCBPO. In the case of Ni-Cr/SiO 2 , an IUP with 57.9% less water in comparison to the feed was obtained, whereas the UOP showed 58.8% less water compared to the feed. The highest degree of deoxygenation (DOD) was obtained with Ni/SiO 2 , resulting in a reduction of the oxygen content of around 43.3%. In the case of the products obtained with Ni-Cr/SiO 2 , a (Fig. 3) as well as the highest DOD were observed for the second catalyst. Two hypotheses can be raised regarding the high water formation: usually char formation due to polymerization leads to water production [21] . Hence, as the highest solid formation was observed for Ni-Cr/SiO 2 (later discussed in Section 3.3.4), it can be expected that also the highest water formation occurs. Secondly, the presence of oxides (NiO and Cr 2 O 3 ) in the catalyst composition can lead to water formation due to the reduction of the oxide over H 2 atmosphere. In this case a maximum of approximately 0.26 g of water would be obtained, if the reduction of both NiO and Cr 2 O 3 , would take place. Consequently, the water formation does not reflect in the UOP's deoxygenation. Most of the carbon was recovered in the UOP obtained with both catalysts and in the IUP Ni-Cr/SiO2 .Considering the carbon initially present in the FBPO, 80.8% was recovered in the UOP with Ni/SiO 2 , whereas 62.7% was recovered with Ni-Cr/SiO 2 in the organic rich fractions (sum of 33.45% of carbon recovered in the UO Ni-Cr/SiO2 and 29.3% in the IUP Ni-Cr/SiO2 ) after the upgrading. An overall recovery from SCB to upgraded oil phase of 41.9% was obtained with Ni/SiO 2 and 32.5% with Ni-Cr/SiO 2 (sum of 17.3% recovered in the UOP and 15.2% recovered in the IUP).
Nitrogen was observed in low concentration in all upgraded liquid product phases, whereas sulfur was not observed in the upgraded products, which is in agreement with the low sulfur content in SCB as well as the absence of sulfur in the SCBPO, as reported in Section 3.1 and Section 3.2. In addition to the lowest water and oxygen content of the UOP obtained with Ni/SiO 2 , the reaction also resulted in the upgraded product with the highest carbon content (71.1 wt%). As a consequence, the HHV for this fraction was slightly higher (31.89 MJ/kg) compared to the value obtained to the IUP (31.73 MJ/kg) and the UOP (30.42 MJ/kg), both obtained with Ni-Cr/SiO 2 catalyst. In all cases, the HHV increased significantly in comparison to the feed (23.79 MJ/ kg SCBPO , dry basis).
The Van Krevelen diagram considering the upgraded fractions (light phases are not included), as well as SCB and SCBPO is shown in Fig. 3 .
The O/C ratio is significantly reduced in the SCBPO in comparison to SCB. A clear reduction of O/C ratio after hydrotreatment reactions is observed with both catalysts, especially with Ni/SiO 2 (0.22). The H/C ratio is reduced after the fast-pyrolysis step (1.55 to SCB and 1.38 to SCBPO), as well as in the UOP obtained with Ni/SiO 2 , indicating hydrodeoxygenation [21] and dehydration due to polymerization [78] . It is in agreement with the DOD results previously discussed. Upgraded products obtained with Ni-Cr/SiO 2 showed higher values of H/C ratios. It indicates high hydrogenation activity [79] and agrees with the highest hydrogen consumption ( Table 5 ) observed for reactions conducted with this catalyst.
Gas fraction characterization: consumption of hydrogen and chemical composition
The gas composition was taken into account in order to investigate the main products as well as the H 2 consumption. Experiments with Ni-Cr/SiO 2 showed the highest consumption of hydrogen (Table 5 ) and also the highest gas production (7.12 wt%) compared to Ni/SiO 2 (5.24 wt%). For both catalysts, carbon dioxide was the main product, followed by carbon monoxide and methane. Smaller amounts of C2-C4 compounds were also detected. Similar to our previous findings with NiCu/SiO 2 catalysts [29] , high hydrocracking activity was observed for the catalyst which consumed the highest amount of hydrogen, leading higher methane formation [30, 80] , possibly resulting in excessive consumption of hydrogen during this step [81] .
The internal pressure and temperature of the autoclave were recorded along the reaction (Fig. 4) . The catalysts showed different pressure profiles. While the pressure profile for Ni/SiO 2 increased close to linearity during the heating ramp (even with consumption of hydrogen taking place), more pronounced hydrogen consumption was observed for Ni-Cr/SiO 2 . A rough trend was plotted using the ideal gas and Soave Redlich Kwong equations to estimate the theoretical H 2 pressure in the autoclave without gas consumption. After 20 min of reaction at 97.7°C with Ni/SiO 2 , the recorded autoclave pressure is lower compared to the theoretical values, which gives an indication of H 2 consumption started already at lower temperatures [72, 74] . Even if gaseous compounds are formed during this step (neglected in this approach), the H 2 consumption is still visible, considering the distance from the theoretical plots. At 50 min of reaction (159 bar and 257.5°C) the pressure recorded is higher compared to the theoretical plots. It can be attributed to cracking reactions, mostly occurring at higher HDO temperatures [44, 82] , resulting mainly in decarboxylation [73] , considering that CO 2 is the main gaseous product ( . It is an indication of higher catalytic activity and higher hydrogen consumption [72] . Based on the pressure profiles obtained for both catalysts, H 2 -TPR result (Fig. S.6 ) and our previous investigation of the influence of temperature (175°C, 225°C, 275°C and 325°C) on the conversion of a beech wood FPBO [44] , some conclusions can be derived (further discussed in Section 3.3.4). The H 2 -TPR of Ni-Cr/SiO 2 (Supplementary material Fig. S.6 ), showed very little H 2 consumption and H 2 O production, starting mostly at around 83°C and reaching the maximum H 2 consumption at 210°C. This observation could partly explain the H 2 consumption behavior during the upgrading reaction (reduction of oxides). In the sequence, the H 2 consumption and water production are reduced during the TPR measurement, although some H 2 is still being consumed in even lower amounts. In the case of the upgrading reactions, the hydrogen consumption takes already place at low temperatures, around 88.8°C with Ni-Cr/SiO 2 and around 97.7°C with Ni/SiO 2, might be an indication of hydrogenation of reactive compounds such as olefins, aldehydes and ketones, as these compounds are usually the first to be hydrogenated [11, 57, 83] . Furthermore, the low hydrogen uptake temperatures observed in both cases, but especially for Ni-Cr/SiO 2, are in agreement with the observations of Yin et al. [45] ; the authors observed an H 2 uptake at around 80°C, also using a high loaded Ni-based catalyst (NiCu/SiO 2 ). Mercader et al. 2011 [74] also reported hydrogen consumption taking place at this temperature. The plateaus observed at different temperature ranges for Ni-Cr/SiO 2 could be correlated to the reactivity range of some bio-oil components [83] . While very reactive compounds react at lower temperature, compounds with intermediate reactivity react mainly in the second plateau (219.2°C to 270.5°C). For example, Boscagli [57] observed that some ketones can be formed at slightly higher temperature ranges, whereas according to Elliott [83] some aliphatic alcohols can undergo thermal dehydration at moderate temperatures forming olefins (in our case olefins were only observed in the UOP with Ni-Cr/SiO 2 and later discussed at Section 3.3.4). Hydrocracking and decarboxylation can be a plausible explanation for the sharp pressure increase with both catalysts at very similar temperatures (257.5°C and 270.5°C), as C2-C3 gaseous compounds, methane and carbon dioxide concentration are directly related to the increase of the reaction temperature [44, 57] .
Chemical composition of sugarcane bagasse fast pyrolysis bio-oil and upgraded liquid fractions
In the following, the main chemical transformations which took place during the upgrading reactions of SCBPO in terms of GC detectable fraction are described. Usually around 20-40% of all the compounds can be identified by gas chromatography [84, 85] . Additionally, the Py-GC results of SCB and the main constituents of the SCBPO are correlated and discussed in comparison to the upgraded products. The compounds identified by GC-MS/FID are grouped and presented in Fig. 6 , whereas the detailed quantification of single compounds is given in Table S .4 together with the GC/MS measurements (Fig. S.3 and Table  S .3).
The main chemical compounds observed in the SCBPO (Table S .4) are in agreement with the Py-GC measurements with SCB ( Table 2 ). In total, 28 compounds obtained by this analytical technique (from a total of 71) are observed in the SCBPO. In both cases, acetic acid, hydroxyacetaldehyde, hydroxypropanone and levoglucosan are observed as the main pyrolysis products, as well as furfural, 2(5H)furanone, 3-hydroxypropanal. In minor concentration, 9 of the 10 compounds belonging to the guaiacol group were observed in both cases. Some lignin derived phenols (phenol, p-cresol and m-cresol) and some of syringol's group belonging compounds (syringol, 4-methylsyringol, 4-vinylsyringol and syringaldehyde) were also obtained as products from the analytical and technical scale pyrolysis. All the sugars identified in the SCBPO pyrolysis experiment were in agreement with this analytical technique. Due to the operational differences between both methods, as residence time and temperature, different fragmentation products are expected [62] and in fact observed. The main pyrolysis products and the precursor building blocks are highlighted in Fig. 5 , in brown and black color, respectively.
In terms of the upgraded products, the ULPs concentrated most of the water and most of the nonaromatic compounds (Fig. 6 ). Considering Internal Temperature Autoclave Ni-Cr/SiO2
Internal Temperature Autoclave Ni/SiO2
Pressure Ni-Cr/SiO2 Pressure Ni/SiO2
Autoclave theoretical pressure ideal gas equation Autoclave theoretical pressure soave redlich kwong equation Table 4 ). The lowest pH was observed for the reaction with Ni/SO 2 (pH value 2.6), the fraction with highest concentrations of acetic acid. On the other hand, UOPs with both catalysts as well as the IUP Ni-Cr/SiO2 showed similar concentration of organic acids (around 12.30 wt%), mainly acetic and propionic acid. Initially, the feed contained 3.35 g of acetic acid while the liquid products showed lower amounts (calculated as the sum of acetic acid in the liquid upgraded fractions). The conversion with Ni/ SiO 2 resulted in 3.10 g of acetic acid in the products while reactions performed with Ni-Cr/SiO 2 resulted in 2.49 g of acetic acid in the upgraded products. Considering the initial concentration, 7.5% of the acetic acid was converted with Ni/SiO 2 , while 25.7% was converted by Ni-Cr/SiO 2. The conversion was calculated considering the initial moles of acetic acid in the SCBPO and the sum of moles of acetic acid in the upgraded liquid products. The possibility of acetic acid formation, for example, as a byproduct from levoglucosan scission [60, 61] was not considered in this case. Acetic acid, mainly formed from depolymerization of hemicellulose [36, 87] , and as just previously mentioned from levoglucosan, can follow different reaction pathways during the bio-oil upgrading ( Fig. 5 H, R 1 ). It can be converted to CH 4 and CO 2 by deprotonation to acetate followed by decarboxylation to methane [88] . After dehydroxylating to acetyl species followed by CeC bond cleavage results in CO and CH 4 [89] . The lower concentration of acetic acid and higher production of CH 4 observed with Ni-Cr/SiO 2 could be correlated to the methane formation pathway (higher methane concentration observed with this catalyst). Additionally, the acetyl species can undergo hydrogenation to ethanol (not detected), which can be further hydrodeoxygenated to ethane or follow esterification to ethylacetate [73, 89] , both identified in the products. Propionic acid, derived from hemicellulose pyrolysis [63, 88] , was observed in the SCPBO, as well as in the upgraded products. Considering the initial loading of SCBPO (around 50 g) and the concentration of propionic acid (3.73 wt%), 1.84 g of propionic acid was loaded in the batch reactor. After the upgrading reaction a total of 1.81 g and 1.56 g of propionic acid were observed in the upgraded products with Ni/SiO 2 and Ni-Cr/SiO 2 , respectively. Lower conversion (1.56%) was observed with Ni/SiO 2 in comparison to Ni-Cr/SiO 2 (14.95% of conversion). Propionic acid can be converted (i) to ethane through dehydrogenation followed by decarboxylation [90] , can (ii) undergo dehydroxylation and hydrogenation resulting in 1-propanol [91] , identified mainly in the products with Ni-Cr/SiO 2 , and can (iii) also undergo esterification, resulting in products such as propanoic acid, methyl ester, observed in the products [78] and shown in Fig. 5 H, R 2 . Similarly to acetic acid, propionic acid can also be decomposed to CH 4 [91] , which could be another explanation for the higher concentration of methane (Table 5 ) observed with Ni-Cr/SiO 2 .
Butyric acid and pentanoic acid, initially absent in the SCPBO, were observed in the products, mainly in the ULP obtained with Ni/SiO 2 and in all the products obtained with Ni-Cr/SiO 2 (pentanoic acid is not observed in the UOP with Ni-Cr/SiO 2 ). Although observed in lower concentration compared to acetic and propionic acids, the high concentration of these acids in the upgraded oils are in agreement with other studies [92, 93] and can be considered a limitation for further applications, due to UOP's corrosiveness and catalytic effect on oligomeric sugars, which can result in solids formation [94] .
Nonaromatic esters were observed in both phases obtained with Ni/ SiO 2 (Fig. 6 ), but with higher concentration found in the ULP Ni/SiO2 (1.55 wt% dry basis), followed by UOP Ni/SiO2 (0.11 wt% dry basis). The upgraded products with Ni-Cr/SiO 2 also showed nonaromatic esters in all three phases. The highest concentration was observed in the ULP Ni- Fig. 6 . Distribution of the main chemical compounds in the SCBPO and upgraded products.
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Cr/SiO2 (1.12 wt% dry basis), followed by IUP Ni-Cr/SiO2 (0.22 wt% dry basis) and lower concentrations in the UOP Ni-Cr/SiO2 (0.17 wt% dry basis), although higher compared to UOP Ni/SiO2 (0.11 wt% dry basis). The esterification has been proposed to reduce the acidity of the pyrolysis oils [95] . Propanoic methyl ester was observed in the upgraded products with both catalysts, whereas acetic acid butyl ester was just detected in the products obtained with Ni-Cr/SiO 2 . Acetic acid 2-hydroxyethyl ester was only observed in both ULP Ni-Cr/SiO2 and ULP Ni/SiO2 ULPs, while propanoic acid, 2-hydroxyethyl was exclusively observed in the ULP Ni/SiO2 . In terms of non-aromatic alcohols, higher concentrations were observed in the ULP with both catalysts in comparison to the feedstock (Fig. 6) . Ethylenglycol was the only compound initially found in the SCBPO (0.49 wt% dry basis), considering its application as start-up material mentioned in Section 2.2. The reaction with Ni/SiO 2 resulted in an increased absolute ethyleneglycol content (0.24 g in the feed versus 0.41 g after reaction as sum of LP + HP), mainly concentrated in the ULP. A small concentration of 1-propanol was also observed in the ULP, as already discussed, whereas an unknown aliphatic alcohol was observed in the UOP. The reaction performed with Ni-Cr/SiO 2 followed a different pathway: 9 non-aromatic alcohols were identified in the ULP (Table S. 4) . Ethyleneglycol was the main alcohol (6.42 wt% dry basis, 0.34 g), followed by propyleneglycol (2.48 wt% dry basis) and 1-propanol (1.06 wt% dry basis). Other compounds were present in the ULP in smaller concentrations. 1-propanol and 2-methyl-1-propanol were observed in the IUP, whereas 1-propanol was only identified in the UOP. The high concentration of ethyleneglycol in the products in comparison to the feed can be related to the complete hydrogenation of hydroxyacetaldehyde ( Fig. 5 C, R 3 ) , the non-aromatic aldehyde initially present in the SCBPO in higher concentration (6.03 wt% wet basis) [96] . Following the same pathway, propylene glycol most probably was formed by the hydrogenation of acetol ( Fig. 5 C, R 4 ) [29, 96, 97] . Initially present in high concentration in the SCBPO (6.20 wt% dry basis, 2.44 g in total), it was mostly converted after the upgrading reactions, remaining only 0.04 g in the ULP. Ni-Cr/SiO 2 seems to favor the hydrogenation, considering that propylene glycol was the second most abundant alcohol in the ULP with this catalyst, whereas the upgrading with Ni/SiO 2 followed a different pathway, as no propylene glycol was observed in none of the fractions obtained with this catalyst. Additionally, alcohols such as 2-butanol observed in the ULP Ni-Cr/SiO2 can be a product of 2-butanone hydrogenation ( Fig. 5 C, R 5 ) [11] . In the same way, alcohols in smaller concentration, such as cyclohexanol, is a product of cyclohexanone hydrogenation.
Initially 12 ketones were identified in the SCBPO, with acetol as the main compound. In total, the SCBPO was composed by 8.65 wt% (3.40 g) of ketones ( Fig. 6 ). Other compounds belonging to the ketone group, mostly unsaturated cyclic compounds, were in much lower concentration. In the same way as observed for acetol, which was most hydrogenated to propylenglycol [98] , most of the compounds initially present were hydrogenated. For example, 2-methyl-2-cyclopenten-1one was possibly hydrogenated to 2-methyl-cyclopentanone ( Fig. 5 C/ H, R 6 ), and 2-cyclopenten-1-one possibly hydrogenated to cyclopentanone ( Fig. 5 C-H, R 7 ) [93] . On the other hand, ketones such as 2pentanone, initially absent in the SCBPO were identified in the products. It can be explained by the hydrodeoxygenation of 2-furfurylalcohol to 2-methylfuran, followed by hydrogenation/CeO bond cleavage, resulting in 2-pentanone ( Fig. 5 C, R 8 ) [88] . Additionally, ketones can undergo hydrogenation to alcohols and dehydration to olefins [99] , as exemplified in Fig. 5 (C/H, R 9 ). In summary, the upgrading with Ni/SiO 2 reduced the initial total amount of ketones (3.40 g) to 0.99 g and to 0.92 g of ketones with Ni-Cr/SiO 2 .
Hydrocarbons, initially absent in the SCBPO were observed only in the IUP Ni-Cr/SiO2 (0.15 wt% dry basis) and UOP Ni-Cr/SiO2 (0.01 wt% dry basis). The hydrocarbons identified in the IUP were cyclohexene and ethylcyclopentane in smaller concentration. Cyclohexene could be formed from the hydrogenation of cyclohexanone to cyclohexanol, followed by dehydration to cyclohexene ( Fig. 5 C/H, R 9 ) [91] ; both precursors, cyclohexanone and cyclohexanol, only observed in the upgraded products with Ni-Cr/SiO 2 .
The number of molecules belonging to group of furans, products of carbohydrates depolymerization [11, 63] , increased after upgrading reactions (Fig. 6 ). Initially, 8 molecules attributed to furan group were identified in the SCBPO (2.31 wt% dry basis, corresponding to 0.91 g of furans), mainly composed by 2(5H)-furanone, 2-furaldehyde and γbutyrolactone (Table S. 4) . After the upgrading reaction, a total of 10 compounds were identified in the upgraded phases with Ni/SiO 2 (resulting in 0.46 g of furans, sum of all fractions), as well as 17 compounds were identified in the products obtained with Ni-Cr/SiO 2 (1.17 g, sum of all fractions), mostly concentrated in the ULP (8.68 wt% dry basis, 0.46 g).
Compounds initially present in the feedstock, such as 2-furfuryl alcohol, 2(5H)-furanone, 3-methyl-2(5H)-furanone, 2-furaldehyde, 4methyl-(5H)-furan-2-one and 5-methyl-2(5H)-furanone were completely converted with both catalysts. On the other hand, compounds such as γ-butyrolactone were observed in higher concentration in the products, (0.27 g in the products with Ni/SiO 2 and 0.30 g in the products with Ni-Cr/SiO 2 ) in comparison to the feed (0.10 g). This may be attributed to the hydrogenation of 2(5H)-furanone, initially observed in the SCBPO and completely converted, resulting in γ-butyrolactone ( Fig. 5 C, R 10 ) [29, 100] .
Tetrahydrofuran, a molecule absent in the SCBPO, was observed in the upgraded products. The decarbonylation of furfural leads to the formation of furan which is further hydrogenated to tetrahydrofuran ( Fig. 5 C, R 11 ) [101] . α-methyl-γ-butyrolactone, observed only in the upgraded products, is a product of hydrogenation of 3-methyl-2(5H)furanone ( Fig. 5 C, R 12 ). The hydrogenation of 5-methyl-2-furanone results in γ-valerolactone ( Fig. 5 C, R 13 ). Tetrahydro-2-methyl-furan was observed only in the upgraded products with Ni-Cr/SiO 2 . The hydrodeoxygenation of furfuryl alcohol results in 2-methylfuran which is then further hydrogenated to tetrahydro-2-methyl-furan ( Fig. 5 C, R 8 ) . A further pathway can be followed by which 2-methylfuran can be converted to 2 pentanone [101] , which was identified in all upgraded liquids with both catalysts.
The GC-detectable aromatic compounds in the SCBPO as well as in the upgraded products were classified in four main groups: benzenes, lignin derived phenols, guaiacols and syringols ( Fig. 6 and Table S.4). Initially, the SCBPO was composed by 7.50 wt% (dry basis) of GC detectable aromatic compounds, considering the 30 compounds identified and quantified. The upgrading reactions with Ni/SiO 2 resulted in low concentration of aromatics (1.05 wt% dry basis) in the ULP and UOP with 5.16 wt% (dry basis), respectively. Considering the initial amount of SCBPO loaded to the autoclave, 2.95 g of aromatics were reduced to 1.30 g of aromatics (1.26 g in the UOP) with Ni/SiO 2 . The reactions conducted with Ni-Cr/SiO 2 resulted in 1.46 g of aromatics, mostly concentrated in the IUP (7.16 wt% dry basis, 0.68 g) and UOP (6.71 wt % dry basis, 0.73 g) with minor concentration in the ULP (0.28 wt% dry basis, 0.05 g).
Benzene was present in the SCBPO, as well as in the upgrading products. Small concentration of toluene and ethyl-benzene were obtained with Ni-Cr/SiO 2 . Ethyl-benzene could be formed from hydrodeoxygenation of 4-ethylphenol molecule ( Fig. 5 L, R 14 ) , analogous to the reaction pathway reported by Gandarias et al., [102] to 2-ethylphenol.
Lignin derived compounds were observed in the feedstock as well as in the products (Fig. 6 and Table S.4). Molecules such as phenol, cresols and 4-ethyl-phenol, were mainly concentrated in the UOP (3.21 wt% dry basis, 0.786 g and 3.75 wt% dry basis, 0.41 g for Ni/SiO 2 and Ni-Cr/ SiO 2 ,respectively) and in the IUP Ni-Cr/SiO2 (4.12 wt% dry basis, 0.392 g). 4-Ethyl-phenol was the main lignin derived compound observed in the UOP with Ni/SiO 2 (1.83 wt% dry basis, 0.50 g) and in the IUP (2.43 wt % dry basis, 0.52 g) and UOP (2.39 wt% dry basis, 0.29 g) with Ni-Cr/ SiO 2 . It seems that the molecules already present in the feed (0.55 wt%, 0.27 g) were not further converted, whereas the complete hydrogenation of 4-vinyl-phenol contributed to the increased concentration of this compound in the products (Fig. 5 L, R 15 ). 4-Hydroxy-benzaldehyde was also completely converted with both catalysts. A possible pathway for its conversion could be the hydrogenation followed by hydrodeoxygenation, resulting in 4-methylphenol (p-cresol) ( Fig. 5 L, R 16 ).
Most of the guaiacols initially present were converted with both catalysts. Ni/SiO 2 was able to convert the highest amount of guaiacols (feed: 0.96 g; sum of products: 0.30 g) in comparison to Ni-Cr/SiO 2 (feed: 0.96 g; sum of products: 0.38 g). In this case, possible products formed from depolymerization of GC non-detectable fraction are not considered. Compounds such as eugenol, isoeugenol, 4-vinylguaiacol and vanillin were completely converted with both catalysts, whereas compounds such as guaiacol, 4-methylguaiacol and 4-ethylguaiacol were in the feed and in the product, mostly concentrated in the UOPs as well as in the IUP Ni-Cr/SiO2 . In agreement with our previous findings [29, 44] , eugenol, cis and trans isoeugenol were completely hydrogenated most probably to 4-propylguaiacol, identified only in the products ( Fig. 5 L, R 17 ). In the same way 4-vinylguaiacol was possibly completely hydrogenated to 4-ethylguaiacol ( Fig. 5 L, R 18 ). The complete conversion of vanillin after the upgrading and higher concentration of 4-methylguaiacol found in the products suggests that hydrogenation followed by hydrodeoxygenation was a possible reaction pathway for the vanillin (Fig. 5 L, R 19 ) [103] .
Initially 11 compounds belonging to the syringol group are present in the SCBPO. After the upgrading reactions, 8 substances were completely converted with both catalysts and mostly concentrated in the UOPs and IUP Ni-Cr/SiO2. Both 4-vinyl-syringol and 4-allyl-syringol were completely hydrogenated to 4-ethyl-syringol and 4-propyl-syringol, respectively ( Fig. 5 L, R 20 and L R 21 ); Syringaldehyde on the other hand, possibly underwent hydrogenation, followed by hydrodeoxygenation, resulting in 4-methyl-syringol ( Fig. 5 L R 22 ).
Sugars contained in SCBPO such as levoglucosan, 1,5-anhydro-β-Dxylofuranose, and 1,5-anhydro-β-D-arabinofuranose, were completely converted. Levoglucosan, derived from the thermal degradation of celullose [36] is considered to be converted to compounds such as ethyleneglycol, propyleneglycol and 1,2-butanediol [96, 100] , identified mainly in the products with Ni-Cr/SiO 2 . Firstly levoglucosan is converted by hydrolysis to glucose [79, 100] , which is hydrogenated to sorbitol [102, 104] , and later undergoes hydrogenolysis to diols as observed in the products ( Fig. 5 L, R 20 and C R 23 ) [102, 105] . As previously stated, acetic acid is also one possible product from levoglucosan scission [60, 61] . Sugars are also known for polymerization during the hydrotreatment reactions, leading the formation of char and carbon dioxide [105] . This pathway cannot be discarded, considering the char deposition observed over the spent catalysts (later discussed in Section 3.3.4). Furthermore, gaseous products such as ethane and methane might be also generated from sugars conversion [72] . A small amount of unknown sugars was observed in the ULPs, as well as a small concentration of isosorbide in the ULP Ni-Cr/SiO2 .
Acetates were mostly observed in the upgraded liquid products obtained with Ni-Cr/SiO 2 , mainly composed by tetrahydro-2-furanmethanol acetate and ethylacetate, respectively. Tetrahydro-2-furanmethanol acetate is formed from the esterification reaction of acetic acid and a furfural intermediate [98, 106] . The reaction of carboxylic acids and 2-furanmethanol and derivatives, can result in a less corrosive and more stable pyrolysis oil [101] . Minor unknown compounds were observed in the samples as well.
Catalysts characterization
The catalysts were characterized before and after the upgrading reaction. Additionally, the ULP were analyzed for the amount of leached metal ions. The ULP Ni-Cr/SiO2 showed 0.0047 wt% of Ni and concentration of Cr below the detection limit (< 0.0016 wt%). In terms of the amount of catalyst loaded to the autoclave, 0.054 wt% of the initial concentration of Ni and < 0.09 wt% of Cr were leached in the ULP, respectively. Ni (0.032 wt%) and Cr (< 0.0016 wt%) were also identified in the IUP Ni-Cr/SiO2 , which accounts 0.22 wt% of Ni and < 0.09 wt % of Cr in the IUP Ni-Cr/SiO2 . The concentration of Ni (1.05 wt%) and Cr (0.34 wt%) in the UOP Ni-Cr/SiO2 were also analyzed, but these results cannot be considered leaching; due to the high viscosity of the UOP Ni-Cr/SiO2 , a complete separation of catalyst even after centrifugation was not possible. Similar difficulties were previously reported elsewhere [72] . So, the results presented here are most probably attributed to the catalyst particles dispersed in the UOP Ni-Cr/SiO2 . Hence, 10% of catalyst initially loaded to the autoclave (initial load of 2.49 g) remained in the UOP Ni-Cr/SiO2 , which implies that the separation of catalyst from the reaction products has to be improved in future work. The upgraded fractions obtained with Ni/SiO 2 showed 0.01 wt% and 0.014 wt% of Ni in the ULP Ni/SiO2 and UOP Ni/SiO2 , respectively. In this case, 0.73 wt% of Ni was leached to the ULP Ni/SiO2 (considering the 2.56 g Ni/SiO 2 with [Ni] = 7.9 wt% loaded to the autoclave). In the same way as discussed above, the complete separation of upgraded oil and the catalyst was difficult due to the high viscosity of UOP Ni/SiO2 .
In terms of carbon deposition, Ni-Cr/SiO 2 showed 18.5 wt% of carbon whereas Ni/SiO 2 showed 0.36 wt% of carbon after the upgrading reactions. Carbonaceous deposition can be formed due to a variety of polymerization reactions [45] caused but not limited to compounds such as sugars [105] , furans and phenolic oligomers (pyrolytic lignin) [107, 108] . Usually considered to be one of the main reasons for catalyst deactivation in hydrotreatment reactions [23, 56] , solids formation should be minimized. The higher carbon deposition observed to Ni-Cr/SiO 2 could be interlinked to the high metal loading, as previously reported [109] , although some studies describe the opposite behavior [30] .
The XRD of fresh and spent Ni/SiO 2 show similar patterns. The reflections of metallic Ni are observed in both cases, at 44.49°, 51.85°, 76.38°, 92.93°and 98.44° (Fig. S.5, Supplementary Material) [29] . The Ni-Cr/SiO 2 show the same reflections attributed to metallic nickel and additionally reflections attributed to NiO (37.2°, 42.6°and 62.8°). After the reaction, the NiO reflections disappeared, due to the reduction into metallic nickel under H 2 atmosphere. No reflections for Cr 2 O 3 were observed for this catalyst (amorphous or dispersed chromium phase).
No significant differences in the crystallite sizes of Ni/SiO 2 are observed between the fresh and spent catalyst (in both cases a value of 17.7 nm). On the other hand the crystallite size of Ni-Cr/SiO 2 increased from 4.4 nm to 38.2 nm after the reaction. In another investigation, we observed an increase of the crystallite size to around 18 nm [44] with beech wood bio-oil. Furthermore, the Ni-Cr/SiO 2 high metal loading and medium surface area facilitates de migration of the metal particles resulting in sintering. In future, the catalyst may be pre-conditioned to receive a medium Ni particle size.
Conclusion
A holistic study from sugarcane bagasse characterization to upgraded products after hydrotreatment was presented. The low moisture content of 2.80 wt% and low potassium content of 0.08 wt% were reflected in the high yield of organic liquids (60.1 wt%) obtained by fastpyrolysis, outside the range expected for residual biomass. Hydrotreatment reactions resulted in upgraded oils with lower oxygen, lower water and higher carbon content in comparison to SCBPO. Nonetheless distinct selectivities among both catalysts were observed. Ni/SiO 2 showed the highest activity for deoxygenation, reaching 43.3% of oxygen removed, as well as the highest activity for conversion of aromatics. Ni-Cr/SiO 2 on the other hand, revealed high hydrogenation activity and highest conversion of carboxylic acids, reaching conversions of 25.7% of acetic acid and 14.95% of propionic acid. Furthermore highest formation of alcohols and furans was observed with this catalyst. Around 41.9% of the carbon content of sugarcane bagasse was recovered in the upgraded oil obtained with Ni/SiO 2 whereas 32.5% was recovered Ni-Cr/SiO 2 (sum of upgraded oil and upgraded intermediate phase). Polymerization of upgraded fractions took place with both catalysts.
In general, sugarcane bagasse proved to be an attractive feedstock for 2G biorefineries, with an overall yield of 30.5 wt% of upgraded oil. By the selection of the appropriate catalyst, the final composition of the upgraded oil can be adjusted. However, further studies should consider the minimization of polymerization during hydrotreatment reactions and higher deoxygenation levels should be targeted. 
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